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Cytokines play several roles in developing and/or reinforcing 
premature cellular senescence of young cells. One such 
cytokine, interleukin-6 (IL-6), regulates senescence in some 
systems in addition to its known functions of immune 
regulation and promotion of tumorigenesis. In this review, we 
describe recent advances in studies on the roles of IL-6 and its 
downstream signal transducer and activator of transcription 
3 (STAT3) in regulating premature cellular senescence. IL-6/ 
slL-6Rct stimulation forms a senescence-inducing circuit 
involving the STAT3-insulin-like growth factor-binding protein 
5 (IGFBP5) as a key axis triggering and reinforcing component 
in human fibroblasts. We describe how cytokines regulate 
the process of senescence by activating STAT3 in one system 
and anti-senescence or tumorigenesis in other systems. The 
roles of other STAT members in premature senescence also 
will be discussed to show the multiple mechanisms leading to 
cytokine-induced senescence. 



Introduction 

Both normal and tumor cells undergo senescence in response to 
various insults. 1 " 4 Cellular senescence is a state characterized by 
the inability of cells to proliferate despite the presence of suf- 
ficient nutrients and mitogens while maintaining cell viability 
and metabolic activity. 1 " 4 Cellular senescence is becoming rec- 
ognized as an important program to escape from unregulated 
proliferation causing tumorigenesis, like the cell death program, 
apoptosis. 

Recently, cytokines and chemokines, secreted by cells attack- 
ing target cells, by cells associated with chronic inflammation 
and by cells undergoing senescence, have been shown to trig- 
ger and/or reinforce the senescence process through various 
mechanisms. 5 ' 6 

IL-6 is a multifunctional cytokine that regulates cell prolifera- 
tion, survival, and differentiation, and enhances cellular function 
in multiple lineages of cells. 7 " 10 IL-6 has been implicated in the 
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pathogenesis of a variety of diseases often associated with inflam- 
mation, chronic immune diseases, tissue-infiltrating tumors, neu- 
rological diseases, and tissue aging. 9,10 Because IL-6 and a soluble 
form of the IL-6Rct chain are secreted abundantly in tissues with 
inflammation, aging, and tumor infiltration, we became inter- 
ested in the roles of IL-6 and its major signaling pathway involv- 
ing signal transducer and activator of transcription 3 (STAT3) 
in the process of senescence and the balance between senescence 
and tumorigenesis. 

In this review, we will describe how some cytokines, includ- 
ing IL-6, affect the senescence process and especially show the 
recent model on the IL-6/STAT3-induced senescence of human 
fibroblasts." The roles of other members of the STAT family also 
will be discussed. 

Overall Pictures of Cellular Senescence 

Normal human cells undergo senescence in response to vari- 
ous insults causing persistent DNA damage. Senescent cells 
generally have a flattened and enlarged morphology and show 
an increase in senescence-associated-|3-galactosidase (SA-(3- 
Gal) activity. 1 " 4 An overview of premature cellular senescence is 
shown in Figure 1. 

Three different types of senescence have been characterized: 
replicative senescence, oncogene-induced senescence (OIS), 
and stress-induced senescence, including exposure to cyto- 
kines. Replicative senescence was first described by Hayflick 
and Moorhead in 1961, 12 who demonstrated that after a finite 
number of cell divisions, normal human fibroblasts cultured 
in conditions that drive their continuous replication eventually 
reach an arrested state in which they do not respond to mitogenic 
stimuli despite their metabolic activity. This type of senescence 
is mainly caused by the DNA damage response (DDR) due to 
telomere shortening below a certain threshold. 13 DDR is associ- 
ated with the appearance of foci of -y-H2AX (a phosphorylated 
form of H2AX) and the DDR proteins including 53BP1. 14 As a 
result of DDR, the DNA damage kinases, ATM and ATR are 
activated. After amplification of the DDR signals, ATM and 
ATR activate CHK1 and CHK2 kinases, which phosphorylate 
and activate CDC25 and p53, leading to transient growth arrest 
allowing cells to repair the DNA damage. When DNA damage 
exceeds a threshold, cells undergo either apoptosis or senescence. 
In addition to p53, the RB tumor suppressor and its signaling 
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Figure 1. A general overview of premature cellular senescence. Three major types of senes- 
cence, replicative senescence, oncogene-induced senescence, and stress-induced senescence, 
are known. Any types of senescence-induction commonly involve persistent and excessive DNA 
damage response (DDR) and activate both p53- and RB-dependent pathways, resulting in senes- 
cence. DDR-independent mechanisms are also known. Senescent cells are active and secrete a 
number of cytokines, chemokines, and other molecules, which is termed senescence-associated 
secretory phenotype (SASP). Some factors in SASP affect the senescence-induction of those 
senescent cells and the surrounding cells. 



partners, including pl6 INK4a (a cyclin-dependent kinase inhibitor 
acting upstream of RB), are involved in replicative senescence. 
Activation of both p53 and pl6 INK4a -RB pathways is essential for 
induction of senescence in a variety of human cell lineages. The 
relative contribution of these pathways to senescence depends on 
the cell types. 

Induction of senescence is also a frequent outcome of onco- 
genic mutations in normal cells. A number of actively mutated 
oncogenes, including Ras, Raf, MEK, and c-Myc, or inactivated 
tumor suppressor genes, including PTEN, have been shown to 
induce premature senescence. 15,16 This type of senescence is called 
oncogene-induced senescence (OIS). OIS can occur indepen- 
dently of telomere shortening and induces senescence in young 
cells. Oncogene-induced senescence has been observed in tumor 
cells even at early stages. 17,18 

The third type of senescence is stress-induced premature senes- 
cence. The stress-induced senescence of normal cells is a response 
to stressors such as oxidative stress, ionizing/non-ionizing radia- 
tion, and DNA damaging reagents, including chemotherapeu- 
tic genotoxic drugs. Chronic stimulation of cells with cytokines 
causes enough stress to induce growth arrest or senescence. 

These three types of senescence have very similar conse- 
quences, leading to persistent DNA damage and activation of the 
two pathways, p53-p21 CIP1 and pl6 INK4a -pRB, which exert pro- 
cesses leading to growth arrest and senescence. The increase of 
reactive oxygen species (ROS) often causes DNA damage in dif- 
ferent types of senescence. 



In addition to DDR-induced p53 activa- 
tion, DNA damage activates nuclear fac- 
tor kappa B (NFkB) transcription factor, 19 
and p38 kinase is activated independently 
of DDR through NFkB and ROS. 20 Both 
NFkB and active p38 cooperate in activa- 
tion of a number of genes, mostly coding 
for cytokines, chemokines, receptors for 
cytokines and chemokines, and proteases. 20 
Some genes can be activated by either 
NFkB or p38 alone. The robust changes in 
secretion properties associated with the pro- 
cess of senescence are termed senescence- 
associated secretory phenotype (SASP) 5,6 or 
senescence-messaging secretome (SMS). 21 
A recent study showed that persistent DNA 
damage is required to cause SASP. 21 Factors 
in SASP include IL-lct, IL-1B, IL-6, a 
number of chemokines including CXCL8 
(IL-8), CXCL-1, CCL-2, VEGF, CXCR2, 
and matrix metalloproteinases (MMPs). 5,21 " 
23 The spectrum of secreted factors varies, 
depending on cell types and senescence- 
inducing insults. 5,24 SASP factors affect the 
behavior of neighboring cells. Some factors 
can promote tumorigenesis of premalignant 
tumor cells. Other factors, including IL-6 
and IL-8, and other chemokines acting on 
the CXCR2 receptor, have been shown to reinforce the senes- 
cence process of cells producing these factors, depending on the 
cell types. 22,23 Kuilman et al. showed that both IL-6 and IL-6Rct 
chain are induced by activated BRAF oncogene (BRAF V600E ) 
in TIG3 human fibroblasts expressing hTERT in a C/EBPB- 
dependent manner and required for maintaining or reinforcing 
oncogene-induced senescence. 22 In a different strain of cells, 
Acosta et al. showed that CXCR2 and its ligands produced by 
senescent cells were required to maintain the senescence pro- 
cess. 23 SASP also contributes to recruitment of immune cells for 
clearance of senescent cells, modulates tissue repair, and possibly 
affects aging of surrounding tissues. 2 

In addition to the molecules mentioned above, there are sev- 
eral molecules induced by cytokine signals and involved in the 
regulation of senescence. Promyelocytic leukemia protein (PML) 
is one of the targets of cytokine signals. Although the exact bio- 
chemical basis of PML tumor suppressor properties is unclear, 
PML and PML nuclear bodies (PML NBs) are involved in several 
tumor-suppressive pathways regulating apoptosis and senescence, 
including the p53-p21 CIP1 and pl6 INK4a -pRB pathways. PML 
facilitates acetylation, protein stabilization, and phosphorylation- 
mediated activation of p53. 25 Though it was known that the PML 
gene is a direct transcription target of p53, the cytokines inter- 
feron B (IFNB) and IL-6 were shown to activate PML mRNA 
expression through STATl and STAT3, respectively. 26 " 29 SOCS1 
and SOCS3, both of which are target genes of some members 
of STAT family proteins, were shown to interact with p53 and 
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enhance the transcriptional activity of p53, thereby contributing 
to cellular senescence. 30 " 32 

Role of IL-6 in Premature Senescence 

Considering that both IL-6 and soluble IL-6Ra chains are pro- 
duced at sufficient concentrations in various tissues in infection, 
inflammation, and aging and that a signal transducing receptor, 
gpl30, of the IL-6R complex is expressed ubiquitously in most 
cells, it is possible that IL-6 and soluble IL-6R0; produced by 
surrounding cells affect the progress of senescence in certain cells 
that do not have IL-6R0: chains. 

To understand the role of IL-6 in the course of physiological 
senescence of normal primary cells and premature senescence, 
we used human diploid fibroblast TIG3 cells. We first observed 
that both IL-6 and IL-6-Ra chain were expressed by old TIG3 
cells, concomitantly with activated STAT3. This observation 
prompted us to examine the role of IL-6 in premature senescence 
of primary TIG3 fibroblasts. Exogenously added IL-6/soluble 
IL-6Ra actually triggered premature senescence of young TIG3 
cells. 

In the following sections, we first outline IL-6, the IL-6 recep- 
tor system, and its signaling pathways and then focus on the 
mechanisms by which IL-6/sIL-6Ra causes premature cellular 
senescence in one type of human fibroblast. 

IL-6 Receptor System and Its Signaling Pathways 

The IL-6 receptor system, its signal transduction pathways, and 
their major target genes are outlined in Figure 2A. IL-6 acts 
on cells as a dimer by binding to a specific IL-6 receptor (IL- 
6R) complex composed of two IL-6Ra chains (also known as 
IL-6Ra or CD126) and two signal-generating receptor S chain 
subunits, named gpl30 (also known as IL-6RB or CD130). 
The gpl30 receptor molecule is a common component of mul- 
tiple receptors for the IL-6 family of cytokines, such as IL-6, 
oncostatin M, leukemia inhibitory factor, ciliary neurotrophic 
factor, and IL-11. ,,1G IL-6R0;, which interacts with IL-6, is mainly 
expressed in hepatocytes and hematopoietic cells, such as some 
types of T cells, monocytes/macrophages, activated B cells, and 
neutrophils. 9,10 In contrast, a wide range of cells express gpl30. 
Interestingly, soluble isoforms of the IL-6Ra chains are generated 
by alternative splicing or by ectodomain shedding of the IL-6Ra 
chain. 33 " 35 The latter process, including induced and constitutive 
types of ectodomain shedding, is mediated by a-disintegrin-and- 
metalloproteinase (ADAM) gene family members ADAM 17 and 
ADAM10, respectively. 33 " 35 Soluble IL-6Ra (sIL-6Ra) can work 
as a component of the IL-6R complex by binding to IL-6 and cre- 
ating a complex with gpl30 for IL-6 signaling. Because inflamed, 
infected, tumor-infiltrated, and aging tissues contain IL-6 and 
sIL-6Ra, both of which are produced or shed by myeloid lineage 
cells, most of the cells in such tissues with gpl30 can be activated 
by IL-6 and sIL-6Rct. 35,36 On interaction of IL-6 with IL-6Ra 
complex, gpl30 molecules dimerize and the gpl30-associated 
JAK family tyrosine kinases (JAK1, JAK2, and Tyk2) go through 
a conformational change, bringing the two JAKs close enough to 



phosphorylate each other and become activated. Then activated 
JAK kinases phosphorylate the cytoplasmic domain of gpl30 at 
the specific tyrosine residues, which are required for activation of 
downstream signal transduction pathways. 

Src-homology 2 domain-containing protein tyrosine phospha- 
tase 2 (SHP2) is recruited to the phosphorylated YSTV (pYSTV) 
motif in gpl30 and phosphorylated and activated by JAK kinases, 
which in turn activate both the Ras-Raf-ERKl/2 pathway and 
the PI3K-AKT pathway though the GRB2-associated binding 
protein (Gab) family. 9,10 

Signal transducer and activator of transcription 3 (STAT3) 
and STAT1 are recruited to the phosphorylated YXXQ motifs in 
gpl30 and phosphorylated by JAK kinases at the critical tyrosine 
residues, Y705 for STAT3 and Y701 for STALL 9,10 The activated 
STAT3 and STAT1 dimerize with each other, making STAT3 
or STAT1 homodimers and STAT3/STAT1 heterodimers. These 
activated STAT dimers enter the nucleus and bind to the specific 
DNA sequences in the regulatory regions of their target genes. 37 

In addition to phosphorylation of the critical tyrosine resi- 
dues, both STAT3 and STATl are phosphorylated on Ser727 in 
the carboxyl-terminal transactivation domain 38 by various serine/ 
threonine kinases depending on the stimulus and cell type used. 39 " 
48 Although phosphorylation of Ser727 has been suggested to 
exert positive effects on STAT3-dependent gene activation, 38,41,49 
most likely through recruiting coactivator proteins, 50 " 52 several 
reports have suggested that phosphorylation of Ser727 of STAT3 
is required for distinct negative regulatory roles 39,53 or for the role 
of STAT3 in the mitochondrial function of Ras-transformed 
cells. 54 Yang et al. showed that STAT3 Ser727 phosphorylation 
in the nucleus is required for the recruitment of histone lysine 
methyltransferase SET9, which causes dimethylation of STAT3 
at Lysl40, leading to inhibition of STAT3 activity by suppressing 
the level of phospho-Tyr705. 53 

Another important role for phopho-Ser727 was recently 
shown by Wakahara et al. 55 They showed that phospho-Ser727 
has an intrinsic mechanism for shortening the duration of STAT3 
activity independently of modification at Lysl40 and that pho- 
pho-Ser727 leads to rapid dephosphorylation of phospho-Y705 
largely through nuclear tyrosine phosphatase TC45, probably by 
modulating the TC45 activity. 55 This finding revealed another 
layer of STAT3 regulation to give a maximum STAT3 activity 
for a proper duration, highlighting the role of regulated activity 
of tyrosine phosphatases. Previously, the two feedback inhibi- 
tory loops for STAT3 have been known. 56 One inhibitory loop 
is mediated by SHP2, which is recruited to the pYSTV motif of 
gpl30 and is phosphorylated on tyrosine residues by JAK kinases. 
In addition to activation of the downstream signaling cascade 
described above, the tyrosine phosphatase activity of SHP2 
toward STAT3 also increases after tyrosine phosphorylation and 
then limits STAT3 activity. 56 Another inhibitory loop is mediated 
by SOCS3. 57 Socs3 mRNA is rapidly induced by both STAT3 and 
STATl, and the SOCS3 protein interacts with the gpl30 pYSTV 
motif through its SH2 domain and inhibits JAK activity through 
its kinase inhibitory region (KIR), thereby restricting further 
STAT3 activation. 58,59 These three negative regulatory loops for 
STAT3 are depicted in Figure 2B. 
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Figure 2. (A) The IL-6 receptor system and its signaling pathways. The three major pathways are the STAT3-, the ERK-, and the PI3K/AKT-mediated 
pathways. These three pathways determine the response, depending on the cell context. STAT3 is modified by phosphorylation at Ser727 in addition 
to the phosphorylation at Tyr705. Several serine/threonine kinases for Ser727 are activated by IL-6. STAT3 is acetylated at multiple lysines by p300/CBP. 
These modifications affect the STAT3 activity with multiple mechanisms (not shown here). (B) Multiple layers of negative inhibitory loops determine 
the strength and duration of STAT3 activity. Newly synthesized SOCS3 restricts further activation of STAT3 by binding to tyrosine-phosphorylated 
gp130 and inhibiting JAK activity. SHP-2 also inhibits STAT3 activity by dephosphorylating phospho-Y705. Several other PTPases are known to de- 
phosphorylate pY705 of STAT3 in the cytoplasm and nucleus. TC45 is a major nuclear PTPase for STAT3 and was recently shown to dephosphorylate 
phospho-Y705 of STAT3 in a phospho-Ser727-dependent manner. 



STAT3 plays multiple roles depending on the context or con- 
dition of cells. In some conditions, STAT3 is involved in growth 
arrest and differentiation, and even in cell death. 7 ' 9 ' 10 In other 
conditions, STAT3 is involved in proliferation and cell survival 
by activating pro-proliferative and pro-survival genes, including 
c-myc and cyclinDl, and anti-apoptotic bcl2, bclxl, or mcll? ,w 
In some conditions, persistently activated STAT3 can mediate 
tumorigenesis by protecting cells from apoptotic stimuli and 
by promoting cell-cycle progression in a variety of cancers and 
leukemias. 60 ' 61 

As we learned, for IL-6 these three major pathways and mul- 
tiple positive and negative regulators coordinately determine the 
function of IL-6 depending on the cellular context by activating 
a set of genes in a strictly regulated manner in terms of both 
strength and duration. 

IL-6/STAT3 Regulates Multiple Processes Ranging 
from Premature Senescence 11 to Tumorigenesis 

As described earlier, Kuilman et al. first demonstrated the impor- 
tant roles of IL-6 produced by TIG3 fibroblasts that had been 
activated by oncogene BRAF V600E in further progression of senes- 
cence of such IL-6 producing cells. 22 They showed that induc- 
tions of both C/EBP(3 and IL-6 by BRAF were required for 
BRAF-induced senescence, suggesting that some factors of SASP 
or oncogene-induced secretory factors were essential for reinforc- 
ing cellular senescence. 22 



Normal human fibroblast TIG3 cells showed a senescent 
phenotype after about 55 population doublings (PD). At this 
stage, the older TIG3 cells showed constitutive expression of the 
mRNAs for IL-6 and IL-6Ra chain, while younger TIG3 cells at 
PD33 did not express either. Remarkably, STAT3 was also con- 
stitutively activated in older TIG3 cells without exogenous IL-6 
stimulation. When IL-6 and soluble IL-6Ra were administered 
to cultures of young TIG3 cells at PD33, the cells showed the 
phenotypes of senescence, with growth arrest and SA-(3 gal activ- 
ity, at around day 8. The current model of IL-6/STAT3-induced 
senescence in TIG3 fibroblasts" is shown in Figure 3A. The lev- 
els of p53 protein first declined on day 2 and gradually increased 
thereafter. TIG3 fibroblasts with a p53 knockdown showed no 
sign of senescence and proliferated well in the presence of IL-6/ 
sIL-6Ra, indicating that p53 was essential for the IL-6/sIL-6Ra- 
induced premature senescence. 

ROS generation and the subsequent DNA damage response 
(DDR) were observed on day 2 and the levels of ROS increased 
thereafter, which were essential for IL-6/sIL-6Rct-induced senes- 
cence. Thus, IL-6/sIL-6Rct induced the premature senescence of 
fibroblasts in a ROS/DDR/p53-dependent manner. Both CDK 
inhibitor pl6 INK4a and pl5 INK4b were detected, suggesting that 
both the p53 and the RB -mediated pathways were involved in 
the IL-6/sIL-6Rct-induced premature senescence. As expected, 
STAT3 was essential for the ROS increase in the early phase and 
SA-(3-galactosidase activity on day 8 in response to IL-6/sIL- 
6Rct. STAT3 activity was required for the mRNA expressions of 
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Figure 3. (A) A model of the senescence-inducing circuit involving the IL-6-STAT3-IGFBP5 axis. IGFBP5 produced in a STAT3-dependent manner causes 
the initial generation of ROS, subsequent DDR and SASP (expression of IL-1a, IL-1(3, IL-6, and CXCL8). Prolonged expression of IGFBP5 caused by IL-6, 
together with other components of SASP, drives the circuit generating more ROS and severe DNA damage, leading to p53-dependent premature 
senescence. Inhibition of any constituent, STAT3, p53, ROS, IGFBP5, or RelA attenuates the IL-6/slL-6Ra-induced premature senescence. The possible 
roles of the ERK1/2 and PI3K/AKT/mTOR-mediated pathways are discussed in the text. (B) The multiple roles of IL-6/STAT3 pathway. IL-6/STAT3 regu- 
lates multiple processes ranging from premature senescence to tumorigenesis. 



IL-la, IL-1(3, IL-8, and IL-6 on days 4 and 5. RelA, a compo- 
nent of NFkB transcription factor, was required for both SASP 
and premature senescence in response to IL-6/sIL-6Ra, suggest- 
ing the role of SASP in the IL-6/sIL-6Ra-induced senescence of 
TIG3 fibroblasts. 

We then investigated how IL-6/STAT3 trigger and eventu- 
ally cause senescence of TIG3 cells after 8 days. There must 
be special mechanisms affecting cells for such a long period. 
The key molecule was sought and identified as IGFBP5, which 
was secreted by IL-6/sIL-6Ra-simulated TIG3 in a STAT3- 
dependent manner from the first days and continuously secreted 
until day 7. The kinetic pattern of IGFBP5 mRNA expression 
was different from that of SASPs such as IL-la, IL-1(3, IL-6, and 
CXCL8/IL-8, which peak on days 4 and 5. Exogenously added 
IGFBP5 increased ROS, DNA damage, SASP, and senescence. 
The knockdown of IGFBP5 in TIG3 cells inhibited the IL-6/ 
sIL-6Ra-induced ROS increase and premature senescence. Thus 
IL-6/sIL-6Ra formed a senescence-inducing circuit involving 
the STAT3-IGFBP5 axis as a key triggering and reinforcing com- 
ponent in human diploid fibroblast TIG3 cells. 

IGFBP5 has been shown to have multiple functions in vari- 
ous target cells. 62 IGFBP5 was found to be involved in the rep- 
licative senescence of human endothelial cells (HUVECs), and 
IGFBP5 alone was sufficient to induce the premature senescence 
of HUVECs. 63 In that case IL-6/STAT3 may trigger induction 
or reinforce the senescence process of HUVECs by activating 
the IGFBP5 gene. Recently, another human fibroblast, TIG1, 
derived from human female fetal lung, were shown to be induced 
to senescence by IL-6. 64 It is possible that the senescence-induc- 
ing circuit involving IL-6-STAT3-IGFBP5 may not be limited 
to TIG3 cells. 

However, in other premalignant or tumor cell systems, IL-6 
and STAT3 often play opposite roles, inhibiting senescence, 
promoting tumorigenesis, and protecting cells from chemo- 
therapy. Among the seven members of the STAT family, STAT3 



is most important in determining whether immune responses 
in the tumor microenvironment promote or inhibit cancer 
(see the review by Yu et al. 61 ). Recently Gilbert and Hemann 
showed that IL-6 has anti-senescence activity. 65 By using mice 
bearing E|x-myc-transformed lymphoma cells, they showed 
that paracrine factors, especially IL-6 and Timp-1, in the tumor 
microenvironment supported the survival of lymphoma cells fol- 
lowing administration of the genotoxic chemotherapeutic drug 
doxorubicin. 65 In the case of HCT116 colon cancer cells, Yun et 
al. showed that HCT116 cells responded to doxorubicin with 
enhanced proliferation and that secreted IL-6 and activated 
STAT3 were required for the proliferative response. 66 When 
IL-6/STAT3 activity was inhibited by an anti-IL-6 antibody, an 
siRNA against gpl30, or the use of dominant-negative STAT3, 
those cells developed premature senescence, indicating that 
IL-6-STAT3 signals activated by the drug treatment inhibited 
the drug-induced premature senescence of HCT116 cells in an 
autocrine manner. Tkach et al. studied the method of antitu- 
mor immunization using irradiated murine breast cancer cells 
expressing either dominant-negative STAT3 or parental breast 
cancer cells as immunogens and reported that compared with 
immunization with the parental cancer cells, immunization 
with STAT3 -inhibited cells resulted in a more efficient immu- 
notherapy against breast cancer cells through cytotoxic NK cells 
and CD4 + T cells. 67 Because the breast cancer cells expressing 
dominant-negative STAT3 showed a senescent phenotype, it is 
likely that senescent tumor cells can elicit the anti-tumor immu- 
nity more efficiently than the parental cancer cells. Thus, the 
role of IL6/STAT3 really depends on the cell type or conditions 
including the environment and surrounding cells. This finding 
should be considered in developing a STAT3-targeting drug 
for anti-cancer activity. The various outcomes caused by IL-6/ 
STAT3 are depicted in Figure 3B. We still do not understand 
well how IL-6/STAT3 determines the outcome from premature 
senescence to tumorigenesis. 
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Table 1. Senescence-inducing cytokines and signaling molecules: cell 
systems and properties 



Cytokine 


Cell system 


Mechanisms 


References 


IFNp 


IMR90, 
IMR90+H- 

Ras v12E 


DDR, ATM, 
p53-dependent 
senescence 


73 


Constitutively 
active STAT5 


IMR90 
BJ, IMR90 


DDR, ATM, Chk2, p53 
PML, reduced Myc, Rb 


83 and 84 


IGFBP5 


HUVEC 

atherosclerotic 
lesion 


DDR, p53-dependent 

jCI ICjLCI H_C 

IGFBP5 detected 


63 


IL-6/slL-6Ra 


TIG3-BRAF V600E 


IL-6, induced by 

BRAF V600E_ 

C/EBP(3, reinforce 
H-Ras v,2E -dependent 
senescence. IL-8 is 
also involved. 


22 


CXCR2 


IMR90+MEK:ER 


MEK-induced CXCR2 
reinforce MEK- 
dependent senes- 
cence 


23 


IFNp 


Genotoxic 
drug-treated 
tumor cells BJ 


JAK/STAT-mediated 

PML1 induction 
contributes to drug- 
induced senescence 


26 and 27 


IL-6/slL-6Ra 


TIG3 


STAT3-IGFBP5 axis 
forms a senescence- 
inducing circuit 
involving ROS, DDR, 

p53, RelA and IL-6 


11 


IL-1p+TGFp 


BJ 


Secreted IL-1(3+TGF|3 

i nrl i i/~c*<z cpnpcrpnrp 

II IUULC J id IclLLI lie 

through increasing 
Nox4 


76 


IL-22 


Hepatic stel- 
late cells 


STAT3-SOCS3 induces 
senescence and inhib- 

ILi IIVCI 1 lUi Uil J. 

SOCS3 activates p53 
by binding to p53. 


32 


IFNp 


HPV- 
transformed 
keratinocytes 


JAK/STAT-induced 
PML together with 

p53 and p21 clp, 
involved in I FNp- 
induced senescence 


28 


TNFa+IFN^ 


SV40-Tag- 
transformed 
p cell 


Th1 cells specific 
to SV40 Tag causes 
senescence of target 
cells through STAT1, 
TNFR1, p16 INK4a -depen- 
dent mechanism 
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Although we did not discuss the roles of IL-6-signaling 
pathways other than that mediated by STAT3, it is likely that 
both the ERKl/2-dependent pathway and PI3K/AKT/mTOR- 
dependent pathway play roles in both premature senescence 
and tumor development. Blagosklonny and his colleagues 
recently showed that activation of mTOR (mammalian target 
of rapamycin) by serum growth factors or oncogenes is required 



for the development of senescence using several different cell sys- 
tems. 68 " 71 It has been shown that both ERK1/2 and PI3K increase 
the activity of mTOR and mTOR drives senescence when cell 
cycle is blocked. Because growth factors in culture medium and 
exogenously added or secreted cytokines, including IL-6, can 
activate both ERK1/2 and PI3K/AKT/mTOR, it is quite likely 
that mTOR activity plays pro-senescent roles when cell cycle is 
blocked. As to the role of ERK in oncogene-induced senescence 
and replicative senescence, Deschenes-Simard et al. showed that 
the ERK/MAPK pathway is required for development of such 
senescence through promoting selective protein degradation. 72 
They termed this phenomenon senescence-associated protein 
degradation (SAPD). 

Other Mechanisms for Premature Senescence 
of Various Cells by Cytokines Especially 
Using STAT Family Proteins 

A number of factors, both SASP and non-SASP factors, have 
been shown to be involved in replicative senescence or prema- 
ture senescence in various types of cells with distinct mechanisms 
(Table 1). These factors include interferon (5 (IFN-(3), IFN-7, 
TNF-a, IL-1R, TGF-P, thrombopoietin, IGF1, IGF2, the IGFBP 
family members IGFBP3, IGFBP5, and IGFBP7, IL-6, and che- 
mokines acting on CXCR2. 11,22,23,63,73 " 81 As discussed earlier, only 
some of the secreted factors are involved in keeping or reinforcing 
the development of senescence, depending on the cell systems 
used. Hubackova et al. recently performed an assay of factors 
produced by three types of senescent BJ fibroblasts, replicative 
senescence, genotoxic stress-induced senescence, and activated 
H-Ras vl2E -induced senescence, for their senescence-inducing 
activity and found that IL-1(3 + TGF(3, which are commonly 
secreted by the three types of senescent cells, induced premature 
senescence of BJ cells by increasing Nox4 for ROS production. 76 
In a liver fibrosis model, Krizhanovsky et al. showed that dur- 
ing the course of CCl 4 -induced liver fibrosis, activated stellate 
cells showed senescence with a phenotype of enhanced secre- 
tion of cytokines, chemokines, and metalloproteinase 1 and 
3 along with a reduction of collagen II, IV, and fibronectin. 82 
Interestingly, inhibition of the senescence phenotype using mice 
deficient for p53 increased the fibrotic area in the liver. 82 They 
reported that recruitment and activation of NK cells enhanced 
the clearance of senescent cells. SASP seemed to be involved in 
both development of premature senescence of hepatic stellate 
cells and immune surveillance of those senescent cells. The role 
of STAT3 in the induction of premature senescence of hepatic 
stellate cells was recently shown. Kong et al. reported that exog- 
enously administered IL-22 induced hepatic stellate cell senes- 
cence in a STAT3-dependent manner and limited liver fibrosis. 32 
They showed that STAT3-induced SOCS3 is required for p53 
increase, and SOCS3 functions by interacting with p53, indicat- 
ing the presence of another mechanism modulating p53 function 
by STAT3. 

The roles of other STAT family members (and related mol- 
ecules) have been shown to be involved in premature senescence. 
Mallette et al. reported that constitutively active STAT5 induced 
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premature cellular senescence of human diploid fibroblasts 
through ATM and p53- and RB-dependent mechanisms. 83,84 
They further revealed the mechanism by which constitutively 
active STAT5 induced premature senescence of fibroblasts in a 
SOCSl-dependent manner and showed that STAT5-induced 
SOCS1 caused senescence by enhancing the transcriptional 
activity of p53 by directly interacting with p53 at the N-terminal 
region and with ATM at the C-terminal SOCS box, thereby 
enhancing p53 phosphorylation at Serl5. 30 

By using a mouse model in which the (3-ceIl expressed sim- 
ian virus 40 (SV40) large T antigen (Tag) creates (3 cell tumors, 
Braumuller et al. showed that T„l cytokines IFN7 and TNFa 
cause premature senescence of (3-cell cancers both in vitro and in 
vivo in a STATl- and pl6 INK4a -RB-dependent fashion. 75 

These findings indicate that the multiple distinct mechanisms 
work to regulate cellular senescence. 

Concluding Remarks and Perspective 

Oncogenes, DNA damage, and chemotherapeutics induce 
premature senescence that is often reinforced by the senes- 
cence-associated secretome. Only some of the cytokines in 
the secretome as well as other cytokines not in the secretome, 
including IL-1, IL-6, TGF-(3, IFN-|3, and IGFBP5, can induce 
the premature senescence of young cells. We have described how 
IL-6/sIL-6Ra induces premature senescence in human primary 
fibroblasts and presented a model for the progression of prema- 
ture senescence by IL-6/sIL-6Rct through a circuit involving 
STAT3-IGFBP5 as a critical axis. Considering that the levels 
of IL-6 and sIL-6Ra increase with aging and aging-associated 
diseases, 85,86 it is possible that IL-6/sIL-6Ra in the environment 
contributes to the tissue aging process, and that the produc- 
tion of IL-6 and sIL-6Rot is not merely a result of aging, but 



may cause or enhance senescence in some conditions. Future 
research should address whether IL-6/STAT3 is really involved 
in the development of premature senescence in chronically 
inflamed or aging tissues in vivo in both human and murine sys- 
tems. In other settings, IL-6 and STAT3 have been shown to be 
involved in the development of certain types of tumors. Effects 
of STAT3 on tumor initiation or early promotion are likely to 
be related to its ability to regulate the anti-apoptotic and prolif- 
erative genes. Some of STAT3-target genes are likely to inhibit 
different types of premature senescence to cause tumorigenesis. 
Recent study by Yoshimoto et al. showed that the enterohe- 
patic circulation of deoxycholic acid, a gut bacterial metabolite 
known to cause DNA damage, provokes SASP phenotype in 
hepatic stellate cells, which in turn facilitate obesity-associated 
hepatocellular carcinoma development in mice after exposure 
to chemical carcinogen. 87 Thus SASP in addition to inflamma- 
tion shapes the cancer microenvironment. Future work should 
address whether inhibition of IL-6/STAT3 function can be 
used for anti-senescence or anti-aging of tissues as well as for 
inhibiting the formation of the cancer microenvironment. The 
matter of the surveillance of both normal and pre-malignant 
senescent cells is also important. 
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